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Abstract 
A new method has been developed to measure experimentally the break-up 
properties of bubbles. The technique is based on the application of a particle 
tracking velocimetry algorithm to high-speed video images not only to 
measure the velocity of the bubbles, but also to detect the break-up events. 
Thus the algorithm is able to associate every broken bubble with the 
daughter bubbles formed upon their corresponding break-up. Moreover, the 
lifetime, as well as the number and size of fragments resulting from the 
break-up process, can be measured for a large number of bubbles. Statistical 
processing of the information collected allows us to compute the break-up 
frequency and daughter size distribution of the bubbles as a function of the 
bubble size and the mean properties of the base flow. The method has been 
employed to study the break-up of a cloud of bubbles injected at the central 
axis of a turbulent water jet. Experimental results for the break-up frequency 
and daughter bubble size distribution are also presented to Alústrate the 
performance of the technique. 
Keywords: particle velocity, turbulent dissipation, bubble break-up, break 
frequency, particle tracking, high speed video, hot wire anemometry, image 
processing, computer visión, spray systems, atomization, multiphase flows 
1. Introduction 
The atomization of a gas cavity immersed in a turbulent 
flow is a phenomenon with a wide range of applications 
in both industrial as well as natural processes. It is well 
known that the bubble size distribution plays a key role in 
mass transfer processes such as those occurring in chemical 
reactors when reactants can be found in both gaseous and liquid 
phases. In addition, the exchange of certain gaseous species 
between the ocean and the atmosphere, e.g. CO2, is believed 
to be controlled by mass transfer processes occurring in the 
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air bubbles produced by breaking waves. Reliable models 
of the turbulent break-up of gaseous cavities, i.e. bubbles, 
are crucial to describe the above-mentioned processes, thus 
allowing scientists and engineers to make accurate numerical 
predictions of practical interest. 
The first work on the turbulent break-up of particles 
(droplets or bubbles) was dueto Kolmogorov [9]. In aclassical 
paper, Kolmogorov claimed that when the size of the particles 
is larger than the viscous scale of the turbulence, the only 
parameter governing the break-up process is the turbulent 
Weber number, defined as the ratio between the deforming 
stresses due to turbulent pressure fluctuations and the confining 
stresses due to surface tensión 
p~AuI(D)D 
Wet 12o (1) 
where p is the density of the continuous phase, Au2(D) is the 
squared difference in velocity between two points situated a 
distance apart of the order of the size of the particle, D, and 
a is the gas-liquid surface tensión coefflcient. Kolmogorov 
proposed the existence of a critical Weber number which 
determines whether a drop immersed in an isotropic flow fleld 
is stable or, on the contrary, breaks up in a given time. 
When the particle's size, D, falls within the inertial sub-
range of the turbulent spectrum, the deflnition of the Weber 
number given by equation (1) may be rewritten as 
Wet 
l3pe2/3D5/3 
12o (2) 
where the following relation proposed by Batchelor [2] applies: 
Au2(D) = p{sD) 2/3 (3) 
In equation (3), e is the mean dissipation rate of turbulent 
kinetic energy and /3 is a numerical constant obtained by 
integrating over the whole range of turbulent scales which, 
according to Batchelor, takes the valué /3 = 9 /5 r ( ¿ ) a with a 
a universal constant. 
The idea of the existence of a critical Weber number 
Wec, such that droplets and/or bubbles whose We > Wec are 
unstable and eventually break up in a given time, is commonly 
accepted. Unfortunately, in order to fully understand the 
physical processes where turbulent break-up of particles is a 
key factor, knowledge of the critical Weber number is clearly 
insufflcient. Therefore, more detailed information including 
the break-up rate of particles, mean number of fragments 
produced in a break-up event and the size distribution of those 
fragments is required. 
To study the evolution of a population of particles, a 
number density function, p(D, v, x, t), which represents the 
number of particles of a given size D and velocity v per 
unit volume of fluid, is commonly employed. The evolution 
of p(D, v, x, t) is given by the following Boltzmann-type 
equation [22]: 
dp_ 
dt 
+ V, • (vp) + V„ • (Fp) 
dD 
+ qB + qD + T, (4) 
where q% and qn stand for the birth and death rate of particles 
due to breakage and coalescence, T accounts for the changes in 
momentum distribution due to collisions between particles and 
R (D) is the growth rate of the particle size due to evaporation 
and dissolubility effects. Equation (4) can be integrated in the 
velocity space to give 
dn{D,x,t) 
dt + V -[U(D,x)n(D,x,t)] 
d(R(D)n(D,x,t)) 
9D + QB + Qu (5) 
where <2B = fqB&v a n d <2D = J qo&v. Equation (5) 
is usually called the population balance equation (pbe) and 
describes the spatio-temporal evolution of the number density 
of particles, n(D,x,t). When the only changes in the 
population of particles are caused by break-up, the equation 
simplifies to [15] 
dn{D,x,t) 
dt 
f 
+ V -[Un(D,x,t)] 
m(D 0 ) / (D , D0)g(D0)n(D0, x, t) dD0 
-g(D)n(D,x,t), (6) 
where g(D) is the break-up frequency, m(Do) the number of 
fragments resulting from the break-up of a particle of diameter 
Do, a n d / ( D , Do) the size probability density function (pdf) of 
the fragments, commonly named daughter particle pdf. These 
three functions completely determine the break-up process. 
Several break-up models have been developed in the past 
to describe the turbulent break-up of particles based on the 
idea of competition between turbulent and surface tensión 
stresses. A comprehensive study of the existing turbulent 
break-up models can be found in a review by Lasheras et al 
[11]. Some authors have proposed models based on kinetic 
theory where the break-up of a particle is caused by particle-
eddy collisions [5, 13, 17, 20]. In all these models the break-
up is assumed to be binary. On the other hand, Konno 
et al [10] proposed a tertiary break-up model in which a 
mother drop is supposed to be composed of 'unit volumes'. 
Furthermore, the resulting daughter droplets are composed of 
an integer number of those volumes. The size distribution 
of the daughter particles minimizes the total energy, and the 
number of fragments is chosen to be three by best fitting the 
available experimental data. More recently, Martínez-Bazán 
et al [15, 16] developed a binary model based on dimensional 
and energy considerations under which the break-up frequency 
of bubbles, g, is given by the inverse of the characteristic 
time, scaled with the bubble diameter D, the continuous phase 
density p and the difference between the turbulent and the 
surface tensión stresses Ar, 
g(D)(x s/Ar/p 
D ' 
(7) 
The daughter size pdf is derived by minimizing the surface 
energy of the resulting fragments. 
Detailed examination of the abo ve models reveal that they 
disagree in various points, namely: 
(i) Number of fragments resulting from the break-up process, 
m(D0). 
(ii) Dependence of the break-up frequency, g(Do), on the 
particle diameter. 
(iii) Shape of the daughter particle pdf, / ( D , Do). While 
some authors propose models where the pdf follows a 
U-shaped curve, other models exhibit a fl-shaped curve. 
The main purpose of the present work is to provide an 
experimental technique to obtain reliable experimental data of 
the turbulent break-up process and, consequently, to validate 
future and existing closure models. Since the new technique 
has been applied to study the turbulent break-up process of air 
bubbles, in the rest of the paper we will refer only to bubbles 
rather than particles in general. 
Keeping in mind these ideas, this paper is organized 
as follows: section 2 is devoted to the development of the 
experimental and image processing techniques employed to 
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Figure 1. Object in frame k (bubble 0) together with the closest 
objects in frame k + 1. 
obtain the experimental measurements. Section 3 shows some 
limitations of the tracking technique. The experimental facility 
is briefly described in section 4 and preliminary experimental 
results are presented in section 5. Finally, we end with 
conclusions in section 6. 
2. Tracking code and statistical data processing 
To study the influence of both the bubble diameter Do and the 
turbulent dissipation e on the bubble break-up, a new computer 
algorithm has been developed. The program is able to track a 
large number of bubbles as they are convected downstream by 
the mean motion of the flow, and automatically detects break-
upevents. Thehighdegreeofautomationofthisprocessallows 
us to analyse the break-up phenomenon statistically for a large 
number of events and for a wide range of both Do and e. 
The tracking and break-up detection algorithm, hereafter 
called tbda, is divided into the flve following steps: 
(i) The flrst step consists of the detection of the bubbles 
captured in each frame of the movie. In addition to other 
parameters of interest, the projected área of every single 
bubble, A, is measured to define its characteristic diameter 
Das 
D = JAA/TZ. (8) 
To detect the bubbles accurately on the image, two 
different techniques were employed: the first one, called 
detection by threshold, consisted of simply applying a 
given threshold level to the images. The pixels belonging 
to the image of a bubble will have a grey level higher 
than the applied threshold and, consequently, they will be 
given the valué corresponding to a black pixel. Similarly, 
those pixels belonging to the image background will have a 
grey level lower than the applied threshold and they will be 
given the valué corresponding to a white pixel. Therefore, 
each cióse group of black pixels can be considered as a 
bubble. This detection algorithm can be very sensitive 
to the threshold valué selected. Thus, to reduce the 
sensitivity of the measured bubble área to variations of the 
illumination conditions, a background subtraction as well 
as a brightness and contrast enhancement operation were 
applied to the images before selecting the threshold. More 
detailed information about the different image processing 
techniques applied are described in various books related 
to artificial visión, i.e. [19] and [21] among others. 
To reduce the uncertainty of the detection algorithm 
caused by the selection of the threshold valué, a more so-
phisticated technique, commonly called snakes, was also 
applied4. Although this second technique is more complex 
than the detection by threshold technique, the perimeters 
of the bubbles obtained using both methods were found to 
be almost the same in all the experiments reported. 
(ii) Once the bubbles have been detected in each frame, the 
time evolution of their shape, size and velocity can be 
described as follows. Since we may encounter several 
bubbles on a single frame, if we want to describe the time 
evolution of one of them, we need to distinguish the image 
of the selected bubble among all the bubbles detected on 
the following frame. To identify the bubble on the frame 
k + 1 which corresponds to the selected one on the previ-
ous frame k, a pseudo-distance between the image of each 
bubble in frame k, conveniently displaced according to the 
bubble's velocity (bubble labelled as 0 in figure 1), and the 
rest of bubbles in the following frame (k + 1) is calculated 
and minimized. Thus, the pseudo-distance function A* is 
defined as 
A* A)+KA 
Ai-Ar (9) 
where 7 = 1, / is the number of bubbles detected on 
the frame le + 1, Aj is the minimum distance between the 
pixels defining the contour of the selected bubble, labelled 
as 0, and the pixels defining the contour of bubble j (see 
figure 1), Aj is the projected área of bubble number j and 
KA is a constant of order one. 
This correlation method is based on the assumption that 
the bubble we are tracking mustbe cióse to an expectedpo-
sition, estimated from the bubble's velocity already mea-
sured from previous frames. Unfortunately, since, in a 
turbulent flow, the actual motion of the bubbles is stochas-
tic, it may happen that a bubble different from the selected 
one may be closer to the estimated position than the one 
we are tracking. To avoid this type of error in our track-
ing algorithm, the proposed pseudo-distance includes a 
term which accounts for changes of some properties of 
the bubble. Although alternative definitions of thepseudo-
distance may be employed, one of the properties which has 
given successful results is a function which depends on 
the projected área, (Aj — AQ)2/AQ2. Notice that bubbles 
whose shape is considerably different from that of the se-
lected bubble will increase their pseudo-distance A^2 and 
most likely will not be chosen as the tracked bubble. In 
addition, as shown in figure 1, an exclusión radius is de-
fined to limit the geometrical searching distance Aj and, 
consequently, to avoid erroneous connections of bubbles 
far apart from each other. 
(iii) The above algorithm by itself is enough to track the bub-
bles and detect if, at some point, the images of two bubbles 
4
 More detailed information regarding the snakes technique can be found 
in [4]. 
overlap or, more importantly, if they collide due to the tur-
bulent motion of the flow. On the contrary, since in the 
present algorithm only one object is associated with the 
bubble we are tracking, a new routine must be included 
to detect break-up events. The routine included to detect 
the splitting of a bubble simply consists of the backward 
application of the same correlation method used to track a 
bubble. In other words, it consists of searching in frame k 
for the bubble which corresponds to the selected bubble in 
frame k +1. Thus, if several objects of frame k +1 were as-
sociated with the same one on frame k, it would mean that a 
break-up event may have happened. Moreover, to validate 
the break-up event, it must be checked that the presumed 
mother bubble, encountered on frame k, is also associated 
with at least one of the possible fragments resulting from 
its break-up on frame k + l. For example, if bubbles 2 and 
3 in figure 1 are associated with bubble 0 and, at the same 
time, bubble 0 is associated with either bubble 2 or bubble 
3, the algorithm will determine that bubble 0 has been bro-
ken, giving birth to bubbles 2 and 3 on the following image. 
Other possible situations have also been considered in the 
algorithm. Examples of different situations where direct 
application of the steps described so far works well have 
been sketched in figure 2. In this figure, case 1 is the most 
likely to happen where no break-up or overlap occurs and 
the bubbles are simply tracked as they move. Notice that 
bubble A is associated with bubble a and vice versa, while 
bubbles B and b are associated with each other. On the 
other hand, case 2 represents a typical break-up event. 
Here, it can be observed that the mother bubble B splits 
into daughter bubbles b and c. Since both fragments point 
to bubble B and, at the same time bubble B points to either 
b or c, the tbda would detect the break-up event. Simi-
larly, situation 3 shows a detected coalescence or overlap-
ping event. Thus, to validate a break-up event, it must be 
checked that the presumed mother bubble, encountered on 
frame k, is also associated with at least one of the possible 
fragments resulting from its break-up on frame k + l. 
Situations 1 and 2 in figure 3 show two cases where 
the simple bubble association criterion would fail and 
the backward application is required. This type of mis-
association is easily corrected by enforcing each bubble 
to point to one of the bubbles which point to it. For exam-
ple, in situation 1, since bubble a is pointing to bubble A 
and bubbles B and b are pointing to each other, A would 
be enforced to point to bubble a, being the right associa-
tion. Other kinds of pathological situations are presented 
in cases 3 and 4. Case 3 shows a situation where bubble 
B breaks into bubbles b and c, while a break-up event 
with bubble A splitting into a and b would be detected by 
the tbda technique. These cases are more complicated to 
determine and, when detected, no possible correction can 
be easily implemented, so bubbles implicated in the event 
are simply excluded from the statistics. The detection of 
these situations is performed by checking the changes in 
the volume conservation parameter (VCP), as explained 
below in step (iv). 
Finally, although there are methods to distinguish overlap-
ping from coalescing bubbles [3, 18] (situations sketched 
in case 3 of figure 2 and case 4 of figure 3), it has been ob-
served that they do not work properly for high Weber num-
ber bubbles which are highly distorted and their shape is 
far from being spherical. Therefore, bubbles which over-
lap are excluded from statistical computations in our code. 
In addition, since the tracking code computes the statis-
tics of breaking bubbles by following a single bubble from 
the moment it is introduced into the flow until the time it 
breaks up, it is reasonable to take into account only bubbles 
which do not overlap with each other during their lifetime. 
A fourth step, based on the conservation of volume law, 
is applied to improve the performance of the tbda. Thus, 
a VCP for every break-up event is defined as 
\pm ,3/2 
VCP = i=ln > 1, (10) 
A ' 
where m is the number of daughter bubbles produced after 
a break-up event, A¡ the projected área of the j th frag-
ment and AQ that of the corresponding mother bubble. In 
an ideal break-up process where both the mother and the 
daughter bubbles remained spherical, the VCP would van-
ish. Although bubbles are far from being spherical in a real 
break-up event, VCP has been shown to oscillate around a 
small negative valué (see figure 4). Notice that, in figure 4, 
where the VCP frequency histogram has been plotted for 
50 break-up events, the valúes of VCP range from ap-
proximately — 0.6 to 0. The reason why the mean VCP is 
negative is that, when a bubble is about to break up, it be-
comes very elongated and, therefore, the volume obtained 
using the characteristic diameter defined in equation (8) is 
overestimated. Calibration of the tracking code has shown 
that most of the spurious break-up events have VCP val-
úes about one unit above or below the mean VCP of the 
correct events. Consequently, lower and upper limits for 
the VCP can be defined, excluding those events with VCP 
valúes outside of these bounds from further computations. 
(v) The information collected for each bubble using the track-
ing code includes the bubble's lifetime, mean veloc-
ity, number of fragments produced after the break-up 
event as well as the size of those fragments. Using the 
collected data, the above-mentioned closure functions, 
i.e. f(D, Do), g(Do) and m (Do), can be measured as fol-
io ws: 
• The number of fragments m is measured directly, and 
consequently a mean valué can be obtained for each 
bubble size, Do. 
• The daughter bubble p d f / ( D , D0) = f*(D/D0)/D0 
of the fragments can also be obtained by calculating 
the observed probability of a given size D to be gen-
erated from the break-up of a bubble of diameter Do. 
• Measurements of the break-up frequency need a little 
more analysis. To proceed with the analysis, let us 
consider N(D,x), the number of bubbles of size D 
that, entering the measuring window atx = xw, arrive 
at a given downstream position x within a fixed mea-
suring window. Since N(D,x) does not account for 
those bubbles generated due to the break-up of larger 
iv 
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Figure 2. Situations in which the direct application of the tbda 
works well. 
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Figure 3. Situations in which the direct application of the tbda fails 
and additional work is required. 
bubbles, application of equation (6) to N(D, x) sim-
plifles to 
g(D,x) 1 d(U(D,x)N(D,x)) 
N(D,x) dx (11) 
Notice that the right-hand side of equation (11) de-
pends only on variables already measured with the 
tracking algorithm. Therefore the break-up fre-
quency can be obtained for each bubble size as a 
function of the downstream position. 
To conclude the presentation of the algorithm, a brief 
description of the limitations of the technique is included in 
the following section. 
3. Limitations of the particle tracking and break-up 
detection algorithm 
In this section we will mainly analyse the limitations of the 
code in terms of the errors produced by processing a two-
dimensional image of the three-dimensional bubble and the 
máximum number of bubbles that the program can handle. 
Although equation (8) is exact enough to measure the 
size of spherical bubbles whose projected área endoses more 
than 10 pixels (see [14]), the accuracy of the measurement of 
D decreases when the bubbles are not spherical. The error 
caused by the shape of the bubbles can be roughly estimated 
by considering the bubbles to be elliptical with an aspect 
ratio given by A = a/b, a situation depicted in figure 5. 
In the case shown here the camera would detect a bubble 
whose major and minor axes are a and b respectively. For 
the limiting cases 9=0 and jr/2, the measured sizes are 
I 
-0.2 
VCP 
Figure 4. Frequency histogram of the VCP measured for 50 
break-up events. 
Figure 5. Sketch of an ellipsoidal bubble with an elevation angle 6 
with respect to the image plañe. 
De=0 = 2b-J~A and De=7tl2 
equivalent size is Dj = v^volume/jr 
2b, while the real valué of the 
2b\ÍA. Therefore, 
the measured size is bounded by A - 1 ' '3 < D/Dj < A1//fi. 
The máximum observed elongation of the bubbles measured 
in the experimental cases presented in section 5 is A = 2.7, 
giving an error of the measured equivalent diameter which 
ranges from 0.71 < D/Dj to 1.18 > D/Dj- Fortunately, 
only a very few bubbles exhibit such an extreme aspect ratio, 
A* = a*/b = 1.3 being the most probable one. Furthermore, 
in an isotropic turbulent flow there is no preferential alignment 
of the bubbles and the camera will capture their projected image 
with the same probability for any elevation angle 9. Thus the 
actual elongation A can be related to the observed one A* by 
A* 2 c
11
 r 
n Jo 
sin2 9 + A2 eos2 9 d9. (12) 
giving a most probable corrected aspect ratio which takes the 
valué A ~ 1.6. For this most common case, the error in the 
measurement of D is bounded by 0.85 < D/Dj < 1-08. 
The present algorithm is meant to be used for dilute two-
phase flows. An estimation of the máximum concentration 
of bubbles that the detection technique can process may 
be obtained by calculating the probability of encountering 
overlapping bubbles in a single image. Thus, the probability 
of finding two overlapping bubbles, P0, may be given by 
(Lecuona et al [12]) 
800 X Rejected bubbles 
y = 1710*0.456*(l-0.456)A(T-l) 
4 6 
Time (ms) 
Figure 6. Number of bubbles rejected by the tbda compared with the predicted valué given by equation (16). 
(This figure is in colour only in the electronic versión) 
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JDmin JDm 
[1 - &xV(4jrkzD1D2)]p(D1)p(D2)dD1dD2 
(13) 
where D^ is the minimum bubble size accurately resolved 
by the imaging technique, p(D) is the bubble size pdf, k is 
the number of bubbles per unit volume of the flow and z is 
the image depth of field, i.e. the depth of the región where 
bubbles are in focus. Since in our particular application the 
depth of field was always larger than the diameter of the 
bubbly jet, z will be taken to be the jet's diameter. Moreover, 
considering that the measured bubble size distribution follows 
an exponential decay for bubble sizes larger than the most 
probable one, 
p(D) = -.M — (14) 
equation (13) can be integrated to yield 
Po», Anin/2?) 
exp(—t) 
1 
1 
— exp 
V 
/>OC 
Jia+, 
•di (15) 
where f = AnkzV2 is a measure of the concentration of 
bubbles. Once the probability of a bubble overlapping with 
another one in a single image is known, we can compute the 
probability of a bubble to be rejected in frame number T of 
the video or, in other words, the probability of a bubble to live 
during T — 1 trames without overlapping, as 
P(P) = ( l - P 0 ) r - 1 P 0 . (16) 
To test the applicability of equation (16) we have obtained 
the number of bubbles rejected in the experimental set 2, 
described in section 5, and compared it with the prediction 
given by equation (16). Analysis of the video images yields the 
following parameters to be included in expressions (13)—(16): 
Dmin = 0.4 mm, V = 0.852 mm, k ~ 0.002 bubbles mm-3 
and z — 20 mm. Thus, under the above conditions, the 
probability of finding two overlapping bubbles in a single 
image is P0 = 0.45. 
Figure 6 shows the number of bubbles rejected versus 
their lifetime for the experimental set 2 described in section 5. 
The total number of rejected bubbles is Nt = 1714. Note 
that the prediction of the number of bubbles rejected after 
T frames, NT(T) = Nt(l — P 0 ) r _ 1 P 0 , is in very good 
agreement with the experimental results, therefore showing the 
efficiency of the tbda in detecting overlapping bubbles. The 
probability of finding two overlapping bubbles as a function 
of the concentration of bubbles is shown in figure 7 for two 
different valúes of the minimum bubble size resolved. 
4. Experimental facility 
To investígate the performance of our tbda algorithm experi-
mentally, we decided to analyse the influence of the surround-
ing flow on the deformation and break-up of a bubble. There-
fore, we selected a turbulent water jet, generatedby discharging 
a jet of water upwards through a nozzle located at the bottom of 
an acrylic tank of square cross-section (see figure 8) as our tur-
bulent base flow. To minimize the recirculating flow produced 
in the tank by the high-momentum jet, the water injected was 
allowed to overflow from the top of the tank through a set of 
gutters placed on each side. A piece of honeycomb and a mesh 
were installed inside the nozzle, which, together with the high 
contraction ratio (70:1), ensured a uniform velocity profile at 
the nozzle exit. The diameter of the exit nozzle, d = 6 mm, 
used in all experiments reported here, was much smaller than 
both the width of the cross-section (Ltm± = 0.5 m) and the 
height (//tank = 2 m) of the tank, therefore permitting the jet 
to behave as a fully turbulent, free jet. 
The water flow rate of the jet, Qw, could be systematically 
varied from 1.7 x 10~5 to 3.4 x 10~4 m3 s_ 1 giving exit 
velocities which ranged from í/j = 0.6 to 12 m s_1. Thus, the 
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Figure 7. Dependence of the probability of a bubble to overlap, P0, on the concentration of bubbles for two valúes of dimensionless 
mínimum bubble size. 
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Figure 8. Experimental facility. 
jet Reynolds number, Re = t/j<i/v,couldbevariedfromi?£ = 
3.5 x 103 to 7 x 104, where v is the kinematic viscosity of water. 
Bubbles were generated by injecting air from a 
hypodermic needle along the central the axis of the water 
jet, in a downstream location far enough away from the exit 
nozzle to consider the turbulence fully developed (x/d > 15). 
Under these conditions, when both the jet Reynolds number 
and the turbulent Weber number, given by equation (2), are 
sufflciently large to neglect viscous effects during the break-
up process, thebreak-up properties of bubbles whose diameter 
ranges from the Kolmogorov length scale to the integral length 
scale, r¡ 4C DQ 4C Í, depend only on the turbulent dissipation 
rate, e, and on the bubble diameter, Do. Although, at the axis 
of the jet, the turbulence slowly varíes with distance, it can 
be considered as nearly isotropic and homogeneous within 
length scales of the order of the size of the bubbles. In all 
experiments reported here, the air injection velocity was the 
same as the local jet velocity to prevent shear stresses taking 
place in the deformation and break-up process. To achieve the 
above conditions, the air flow rate was varied from 1.7 x 10~8 
to 2.7 x 10~6 m3 s_1 , depending on the experimental test. 
In addition, to ensure that the properties of the turbulence 
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Figure 9. Energy spectrum obtained at x/d = 25, Re = 70 700. 
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Figure 10. Non-dimensional turbulent dissipation rate as afunctionof x/d fordifferent valúes of the Reynolds number, xQ/d = 5.76. 
affecting the bubbles were nearly homogeneous and isotropic, 
we limited our studies to cases where the bubble break-up 
was completed at a specifled downstream distance from the air 
injection point and where the bubbles remained in the core of 
the jet (radial distances less than l /3Lj , where Lj is the valué 
of the width of the jet at the measuring point). 
The turbulent fleld of the free jet has been widely studied in 
the past (see [6, 7] among others). Thus, it has been reported 
that, in the far fleld of the jet, at the central axis, the mean 
velocity Uc and turbulent dissipation rate e are given by 
Uc(x) U]B 
x/d — xo/d 
e(x) CU?/d (x/d — xo/d)4' 
(17) 
(18) 
where í/j is the injection velocity, d is the nozzle's diameter, 
and C, B and XQ are constants to be obtained experimentally 
To determine the above constants and to check that in 
fact our jet behaves as a high Reynolds number, turbulent, 
free jet [1, 7], we conducted an extensive set of measurements 
using hot-fllm anemometry. Figure 9 shows a typical power 
spectrum together with a dashed line indicating the —5/3 
power law, and inertial sub-range given by [8] 
^-fÁ^-'V' (19) 
where a = 0.452 is an empirical constant provided by 
Gibson [7] for turbulent round jets. 
Once the energy spectrum has been measured, equa-
tion (19) allows us to obtain the turbulent dissipation rate, e, 
at any given location along the central axis. Measurements 
Table 1. Experimental conditions. 
Figure 11. Characteristicbreak-up sequence. 
of ed/Uj are presented in figure 10 for different downstream 
positions. Notice that for valúes oíx/d > 15 the turbulent dis-
sipation rate decays with the power law given by equation (18), 
therefore confirming that our turbulent water jet in fact behaves 
as a free turbulent jet. 
5. Results 
The spatio-temporal evolution of the bubbles hasbeenrecorded 
at 1000 frames per second, Ai = 1 ms, with a Kodak Ektapro 
high-speed camera. A typical sequence is shown in figure 11 
where a break-up event can be observed of a bubble splitting 
into two daughter bubbles on the fourth frame. The images 
were stored on a PC for later processing and analysis. 
Preliminary results have been obtained with the tbda 
technique for moderately low valúes of the turbulent Weber 
number. The water jet Reynolds number was about 
Re = 70 700. Four different sets of experiments, whose 
experimental conditions are given in table 1, were performed 
where the air flow was injected at several downstream positions 
varyingfromxj/íi = 17.5 to 33, withx;being the distance from 
the water nozzle, through a hypodermic needle of diameter 
da = 0.838 mm. The air injection velocity was the same 
as the local mean water jet velocity at the injection point, 
Uc(xi/d). The measured valúes of the turbulent dissipation 
rate varied from e ~ 12 to 192 m2 s~3 giving, therefore, a 
range of turbulent Weber numbers varying from Wet — 0.5 
to 3.35 for a mean bubble diameter of D = 1 mm. On the 
other hand, the Weber number based on the dynamic pressure 
Set 
1 
2 
3 
4 
Xi/d 
17.5 
20 
24 
33 
Uc(.Xi 
(m s" 
4.63 
3.81 
2.98 
2.00 
/d) 
-
1) 
e(jCi/d) 
(m2 s-3) 
192 
124 
62 
12 
D = 
Wet 
3.35 
2.53 
1.64 
0.5 
1 mm 
Wev 
0.10 
0.26 
0.05 
0.07 
varied from from Wev = p(Ub - Ut)2D/2a ~ 0.07 to 
Wev = p(Ub - Uf)2D/2a ~ 0.26 for the same bubble 
size. Here U\¡ represents the bubble velocity and í/f is the fluid 
velocity, taken as the velocity of the smallest bubble measured 
in the flow. Under the above experimental conditions, the 
break-up was found to be binary, m = 2, in all the experiments 
reported here. 
Measurements of the bubble velocity are shown in 
figure 12. Figure 12(a) shows the downstream evolution of the 
velocity of 1 mm diameter bubbles as they move away from the 
injection needle. It may be observed that, although the air is 
injected at the same velocity as the water local mean velocity, 
the air ligament slows down during the detachment process 
of the bubbles, followed by an acceleration process until they 
reach the mean fluid velocity. During the acceleration process 
the velocity of the bubbles differs from that of the fluid, 
therefore producing a new break-up mechanism driven by the 
dynamic pressure Weber number, Wey = p(Ub — U¡)2D/2a. 
In addition, figure 12(b) shows that the difference between the 
bubble and the fluid velocity increases with bubble diameter. 
The break-up frequency of bubbles of a certain size can 
be extracted from the Lagrangian approach of equation (11) 
8(D, t) 1 d(N(D,t)) 
N(D,t) dt (20) 
To evalúate the right-hand side of equation (20) numerically, 
the following potential law was fltted to the experimental 
measurements of N(D, t): 
Nñt(D,t) = a(D)r (21) 
Substituting equation (21) into (20) we may obtain the break-
up frequency as 
b{D) 
g(Z),0 = - r A (22) 
or equivalently as 
g(D,x) b(D) fxxl/U(D,s)ds' (23) 
The experimental evolution of the number of bubbles 
whose diameter is 1 mm is depicted in figure 13 for the four 
experimental sets. Notice that in all the cases the number of 
bubbles decreases with the downstream distance, indicating 
that, since we are not taking into consideration coalescing 
bubbles, they are undergoing a break-up process, until they 
eventually reach a position where no break-up takes place. 
Application of equations (21) and (22) to the experimental 
data presented in figure 13 allows us to obtain the break-up 
frequency as a function of the downstreamposition. Moreover, 
since both the mean velocity of bubbles and the downstream 
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Figure 12. Measured axial velocity as a function oí (a) the downstream distance and (b) the bubble size. The results correspond to 
experimental set 2 in table 1. 
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Figure 13. Spatial evolution oí the number oí bubbles oí diameter D = 1 mm for different experimental conditions. 
evolution of turbulent dissipation rate, e(x), have already been 
measured, we can express the measured break-up frequency 
as a function of x or e. Thus, the dependence of the break-up 
frequency on both x and e is shown in figures 14(a) and (b) for 
all the experimental sets and, for clarity, only for bubbles whose 
diameter is 1 mm. Note that, although the break-up frequency 
increases with e, a result in agreement with previous models, 
it depends on the bubble's time of flight rather than on e. In 
fact, it can be observed in figure 14(b) that, for the same valué 
of e, the break-up frequency takes different valúes for bubbles 
injected at different positions. 
In addition to obtaining the dependence of the break-
up frequency on e and/or x, we have also calculated 
the dependence of the break-up frequency on the bubble 
diameter D. To our knowledge, such a dependence, 
measured with our bubble tracking algorithm, has never 
been experimentally reported before. Figure 15 exhibits the 
dependence of the break-up frequency on bubble diameter. 
The figure, in agreement with figure 14, shows that, under 
the experimental conditions given in table 1, the break-up 
frequency is almost independent of the injection point. This 
result suggests that, under the low Weber number conditions 
given in table 1, the break-up process we are observing is 
strongly infiuenced by the stresses suffered by the bubble 
during the detachment process from the needle. 
Thus, if the break-up of bubbles were caused only by the 
turbulent stresses we could define a dimensionless frequency 
given by 
g(D,x)D2'3 
8*(D*) (8W/3 (24) 
where D* = D/Dc is the dimensionless diameter. To 
obtain the dimensionless bubble size a critical diameter, whose 
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Figure 14. (a) Break-up frequency for D = 1 mm bubbles as a functionof x/d. (b) Break-up frequency as a functionofe for D = 1 mm 
bubbles. 
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Figure 15. Break-up frequency for 1 mm bubbles at time í = 2 ms after injection. 
turbulent Weber number is equal to one, has been employed, 
(25) _ ( 12a v / 5 
Martínez-Bazán et al [15] proposed a turbulent break-up 
model given by 
g*(D*) = Kgjl - I/D*5/3 = Kgy/1 - l/Wet. (26) 
Although figure 14 shows that, under the experimental 
conditions tested here, the break-up frequency does not scale 
with e, we may extend equation (26) to more general situations 
where the break-up process is caused by surface stresses 
different from the turbulent ones. In particular, if the splitting 
of the bubbles were caused by any other deforming stresses, 
the dimensionless break-up frequency would be given by 
g*(We) = Kly/1- K2/We: (27) 
with We = x (D)D/a and r (D) the deforming stresses acting 
on the surface of the bubble. The dimensionless break-up 
frequency given by equation (27) is shown in figure 16. This 
figure shows that the break-up frequency increases with the 
Weber number or, similarly, with the dimensionless diameter, 
until eventually it reaches an asymptotic valué given by the 
constant K\. Further experiments are already being performed 
in our experimental facility at higher valúes of the Weber 
number to ensure that the break-up mechanism depends only 
on the instantaneous flow properties, to determine if g*(We) 
follows, in fact, the presumed theoretical model. 
In addition to measuring the velocity and the break-up 
frequency of bubbles, the tbda algorithm allows us to obtain 
the size pdf of the daughter bubbles, /*(D/DQ), formed 
upon the break-up of the given mother bubble. Experimental 
measurements of the dimensionless daughter size distribution 
as a function of the dimensionless volume, V/ VQ, obtained for 
several bubble diameters, are plotted in figure 17. In this figure 
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Figure 16. Theoretical dimensionless break-up frequency g* as a function of the Weber number, We. 
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Figure 17. Daughter bubble size pdf obtained for different valúes of the mother bubble. The experimental results correspond to set 2 in 
table 1. 
V/ VQ represents the volume of the daughter bubble formed, 
divided by the volume of the corresponding mother bubble, 
VQ. It may be observed that f*(V /VQ) exhibits a U-shape, 
almost independent of the size of the mother bubble, indicating 
that the most probable break-up phenomenon corresponds to 
a binary rupture forming a large and a small bubble. Since 
f*(V/VQ) does not seem to depend on the mother bubble's 
diameter, in figure 18 we have plotted the averaged daughter 
bubble size distribution obtained in each experimental test 
indicated in table 1. Notice that the shape of f*(V/VQ) is 
not only independent of the mother bubble diameter but also 
independent of the flow conditions under the dynamic pressure 
conditions investigated in this paper. Therefore, although 
the break-up model proposed by Tsouris and Tavlarides [20] 
underestimates the turbulent break-up process taking place 
under homogeneous and isotropic conditions, it seems to give 
qualitatively good results in flows where both phases move at 
different velocities, i.e. shear flows. 
6. Conclusions 
A simple, novel tracking technique has been developed to 
investígate the break-up properties of particles in turbulent 
flows. It consists of automatically tracking a large number of 
bubbles as they are convected by the mean flow, and detecting 
the break-up events. The tracking code allows us to measure 
the most relevant characteristics of the break-up process in 
each event, i.e. the lifetime of the mother bubble, its mean 
velocity, the number of daughter bubbles and the size of 
those bubbles among others. Statistical processing of this 
information provides valuable data to validate the predictions 
of break-up models. 
Although the performance of the tbda technique is 
still questionable when the bubble concentration increases 
considerably, it gives satisfactory results in dilute two-phase 
flows. Preliminary experimental results, carried out at low 
valúes of the bubble Weber number, have been obtained to 
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Figure 18. Daughter bubble size pdf obtained for different flow conditions. 
demónstrate the performance of the method. The results 
obtained show an increasing function of break-up frequency 
with bubble diameter, probably caused by excitation of the 
natural vibration modes during bubble detachment from the 
injection needle. Furthermore, measurements of the daughter 
size distribution exhibit a U-shaped behaviour independently 
of the flow conditions and the mother bubble diameter. 
Further experiments at higher valúes of the bubble Weber 
number are taking place to determine the dependence of 
the break-up frequency on the mother bubble diameter, the 
exact shape of the daughter bubble pdf, f*(D /DQ), and the 
limitations of the binary break-up assumption. 
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